Polyacrylamide gel electrophoresis of water-soluble proteins from sunflower [Helianthus annuus L.) cotyledons, followed by specific staining for superoxide dismutase activity, discriminated, according to their electrophoretic mobility, two distinct achromatic bands for Cu/Zn superoxide dismutase. Zymograms of proteins from isolated chloroplasts showed that the chloroplast-located Cu/Zn superoxide dismutase (Cu/ZnSOD chl ) migrated faster in the SOD activitystained gels. An electrophoretic variant pattern, whose mobility is lower than the control pattern, was identified in the ABA-deficient mutant w-1. The variant is coded by a nuclear gene with two codominant alleles.
Introduction
Superoxide dismutases (SODs; EC 1.15.1.1) are enzymes that catalyze the disproportionation of superoxide radical anions to hydrogen peroxide and molecular oxygen. These enzymes, that have been found in all aerobic organisms, cooperating with other enzymes involved in hydrogen peroxide-detoxification systems, play an essential role in protecting living cells against the deleterious effects of superoxide free radicals (Scandalios, 1993; Bowler et al., 1994) . In plants, based upon metal ions present in the active centre, three forms of the enzyme exist: copper/zinc (Cu/ZnSOD), manganese (MnSOD) and iron (FeSOD), which are localized in different cellular compartments (Bowler et al., 1994) . The FeSOD is a dimeric enzyme present in prokaryotes and within the chloroplast of several plant species (Bowler et al., 1994) . The MnSOD appears to consist of identical subunits in either dimeric or tetrameric arrangement (Scandalios, 1993; Bowler et al., 1994) . The enzyme is widely distributed among prokaryotic and eukaryotic organism. In plants, MnSOD have been found in the mitochondrial matrix (Arron et al., 1976; Jackson et al., 1978; Baum and Scandalios, 1981; Scandalios, 1993; Bowler et al., 1994) and in glyoxisomes and peroxisomes of some species Corpas et al., 1994) . Plant Cu/ZnSOD is a dimeric enzyme, always present in the cytosol, consisting of two identical subunits (Scandalios, 1993; Bowler et al., 1994) . In addition to the cytosolic Cu/ZnSODcy,, a more anodic isoform is located in the chloroplast stroma (Asada et al., 1973; Bowler et al., 1994) . Cu/ZnSOD activity has also been reported in the matrix spaces of mitochondria (Arron et ai, 1976; Jackson et al., 1978; and in glyoxisomes of watermelon, cotton, cucumber, and sunflower Bueno and del Rio, 1992; Corpas et al., 1994) . A study of the system in maize revealed that the cytoplasmic and chloroplastic isozymes are coded by separate nuclear genes (Baum and Scandalios, 1982) . Although these enzymes are the most efficient scavengers of the superoxide anion, there are few extensive studies on the inheritance of mobility and/or null variants for superoxide dismutase (Gressel and Galun, 1994 ). An ABA-deficient mutant {w-1) of sunflower (Helianthus annuus L.), characterized by abnormal stomatal behaviour 
Materials and methods

Plant material
The inbred lines and varieties of sunflower (Helianthus annuus L.) used in this study were obtained from FAO Association, Rome (Italy), and from the Agricultural Plant Biology Department, Pisa (Italy). Achenes were germinated in Petri dishes, on filter papers moisted with distilled water, in growth chamber at 25 °C. A 16 h photoperiod was provided by fluorescent lighting (Sylvania Day Light F36W/56) with light intensity of 60/xmol m" 2 s" 1 . After 5-7 d, cotyledons were rapidly frozen in liquid nitrogen and stored at -80 °C. Flower buds of Cl (normal type) and w-1 (mobility variant) were hand emasculated and crossed; F 2 and F 3 populations were obtained by selfing F! plants. A chi-square test was used to determine the goodness-of-fit of the observed ratios to theoretical ratios.
Chloroplast isolation
Chloroplast fraction from sunflower leaves was obtained according to Asada et al. (1973) , with modifications. Leaf tissues of the inbred lines w-1 and Cl, from which ribs had been removed, were chopped into small segments; 10 g of the chopped leaves were homogenized for 5 s in 100 ml 0.33 M sorbitol containing 50 mM Tricine-KOH, pH 7.8, 15 mM NaCl and 5 mM MgCl 2 , in a Waring blender (Osterizer Pulse Matic 16, pbi). The homogenate was filtered through four layers of miracloth (Calbiochem) and centrifuged at 7000 x g for 30 s. The resulting pellet was recovered and suspended in 1 ml of the homogenization buffer. Glyceraldehyde-3-phosphate dehydrogenase (NADP + ) was used as marker enzyme for isolated chloroplasts (Jackson et al., 1978) .
PAGE and SOD activity staining
Soluble proteins were extracted by grinding 100-200 mg plant tissue in 200-400 ^.1 of 0.22 M Tris-HCl buffer, pH 7.4, 250 mM sucrose, 1 mM MgCl 2 , 50 mM KC1, 50mgml~' phenylmethyl sulphonyl fluoride (PMSF), and 10 mM |3-mercaptoethanol using a chilled mortar and pestle. To remove phenolic impurities 10-20mg of polyvinyl-polypyrrolidone (PVP) were added to plant tissue before of the homogenization. The homogenate was centrifuged (15 min, lOOOOxg) and the clear supernatant was assayed for protein content (Bradford reagent, Biorad). Aliquots (30-50 fig per lane) were loaded on 1.5 mm thick 8% non-denaturating polyacrylamide gels (Laemmli, 1970) and were run at 4 °C at 20 mA per gel, using a vertical slab gel apparatus (Mini-PROTAN II, Biorad). Then, these gels were stained for SOD activity using the riboflavin-nitroblue tetrazolium reaction (Beauchamp and Fridovich, 1971) . The identification of SOD isozymes was carried out according to . Gels were pre-incubated for 30 min at 25 °C in 50 mM phosphate buffer (pH 7.8), containing either 2 mM KCN or 5 mM H 2 O 2 and then stained for SOD activity.
Results and discussion
Twenty-two inbred lines and 11 varieties of sunflower were tested for SOD isozyme activity. In all of them, two distinct superoxide dismutase isozymes were resolved by polyacrylamide gel electrophoresis conduced in nondenaturating conditions (Plate 1). Both isozymes were sensitive to H 2 O 2 and cyanide: this result indicated that the enzymes resolved were Cu/ZnSODs. In our experimental conditions, no MnSOD isozyme was detected in protein extracts from sunflower cotyledons. MnSODs mainly occur in mitochondria and also in leaf peroxisomes Bowler et al, 1994) , but not all plants contain MnSOD activity (Bridges and Salin, 1981 (Arron et al, 1976) . However, further subcellular fractionation experiments will be needed to verify MnSOD activity on 
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purified mitochondrial and peroxisomal fractions of several sunflower tissues.
Samples of leaf chloroplast extracts revealed that the more anodic isozyme is the chloroplast-associated superoxide dismutase (Cu/ZnSOD ch] ) (Plate 1), while the cathodic one detected in cotyledons could be a cytosolic or glyoxysomal Cu/Zn superoxide dismutase (Cu/ZnSOD cyt ). Similar results were obtained in tomato (Perl-Treves and Galun, 1991) . The inbred line w-1, an ABA-deficient mutant with altered stomatal behaviour Fambrini et al, 1994) , showed a different electrophoretic pattern in which the Cu/ZnSOD chl has decreased mobility (Plate 1). The Cu/ZnSODcyt showed in w-1 the same mobility displayed by the normal type (Plate 1).
Generally, electrophoretic variants in plants have been found to be qualitatively inherited (Scandalios, 1969) ; null variants (missing isozymes) have been reported as recessive, while mobility variants are codominant in many species (Scandalios, 1969) . In both instances, a modificaton of the amino acid sequence of the enzyme can be hypothesized. Genetic studies with superoxide dismutase loci have been performed in several species such as soybean (Gorman and Kiang, 1978; Griffin and Palmer, 1989) , maize Scandalios, 1981, 1982) , grapevine (Shaaltiel et al, 1988) , Populus and Picea species (Rajora et al, 1991) and Conyza bonariensis (Shiraishi et al, 1996) , but no data were available in sunflower. Isozymes of SOD have been reported to show dimeric (Gorman and Kiang, 1978; Baum and Scandalios, 1982; Griffin and Palmer, 1989; Bowler et al, 1994) , tetrameric (Baum and Scandalios, 1982) or monomeric (Rajora et al, 1991) Both superoxide dismutase and ABA have been reported to be involved in plant tolerance to environmental stress. Drought is believed to be accompanied by the production of activated oxygen species and has been correlated with increased activity of antioxidant enzymes (Smirnoff, 1993) . Moreover, it is well established that SODs are differentially regulated during environmental stresses (Perl-Treves and Galun, 1991; Scandalios, 1993) . Zhu and Scandalios (1994) demonstrated that, in the vp5 ABA-deficient embryos of maize, the differential expression of the maize MnSods (Sod3) genes in response to high osmoticum are ABA-dependent. More recently, in rice, Sakamoto et al. (1995) provided evidence that ABA is involved in the transcriptional activation of cytosolic Cu/Zn superoxide dismutase promoter of SodCd gene. Since ABA differentially activates the expression of multigenes encoding catalase in maize (Williamson and Scandalios, 1992) , it was hypothesized that specific member(s) of antioxidant defence multigenes families are organized in an ABA-regulated manner in the plant genome (Sakamoto et al., 1995) .
This study provides the first information on genetic control of superoxide dismutase isoforms in sunflower. Further studies are in progress to investigate the relationships between the electrophoretic variant for Cu/ZnSOD ch , displayed by the w-1 genotype and its ABA-deficiency and drought-susceptibility.
